Introduction
Although progress in the in vivo study of HIV pathogenesis has established an association between T cell depletion and the degree of HIV replication, the precise mechanism(s) whereby HIV replication influences T cell homeostasis still remains to be identified (1) . An array of processes have been identified in vitro, as potential causes of T cell death in the context of HIV infection; however, none have been clearly demonstrated to be present or functional in vivo, including T cell apoptosis (2) .
Recent developments in the understanding of the physiology of peripheral T lymphocyte homeostasis have identified defined ligands and receptors such as Fas/FasL as a key step in controlling peripheral T cell turnover under physiological conditions (3) (4) (5) (6) (7) . Whereas naive resting Fas(+) T lymphocytes are resistant to Fas-mediated apoptosis, their activation by antigen presentation or pharmacological compounds renders them susceptible to apoptosis (8) . Accumulating information supports the concept that circulating T lymphocytes from HIVinfected patients are in an enhanced state of immune activation, which, in fact, may translate into the observed increased levels of ex vivo spontaneous T cell apoptosis, activation-induced T cell apoptosis, and T cell susceptibility to Fas-dependent apoptosis (9) (10) (11) (12) . Although the exact mechanisms leading to this state of abnormal and enhanced peripheral T cell activation is currently unknown, HIV proteins and the balance of HIVinduced cytokines or chemokines may all play a role (13) (14) . However, it is still unclear whether this enhanced and abnormal state of T cell activation and susceptibility to apoptosis, present in HIV-infected individuals with high viral load, plays any role in disrupting T cell homeostasis. The current availability of pharmacologic agents that effectively and rapidly interfere with HIV replication provide a unique opportunity to investigate the role of mechanisms postulated in vitro to lead to T cell depletion in HIV infection, such as T cell apoptosis. Specifically, it is possible to investigate whether the enhanced state of peripheral T cell activation, and hence, susceptibility to apoptosis, correlates directly with lymphoid tissue apoptosis and with defined molecular mechanisms that control peripheral T cell homeostasis.
Using a well defined cohort of HIV-infected individuals studied before administration of highly active antiretroviral therapy (HAART), 1 we demonstrate a significant increase in the degree of basal lymphoid tissue apoptosis and of susceptibility to Fas-dependent apoptosis in peripheral T cells. After initiation of HAART, there is a rapid reduction in lymphoid tissue apoptosis and the susceptibility of peripheral CD4 T cells to Fas-mediated apoptosis, both of which correlate with a significant decrease in viral load and an increase in peripheral T cells. Interestingly, FasL expression in lymphoid tissue, which is significantly increased in HIV-infected individuals, remains elevated despite HAART. Altogether, these studies establish a correlation between the degree of lymphoid tissue apoptosis, T cell homeostasis, and the modulation of a defined molecular mechanism that regulates peripheral T cell survival.
Methods
Patient population. Tonsillar tissue was obtained from HIV-infected patients enrolled in ACTG protocol 315 (15) . All had baseline CD4 T cell counts of Ͻ 300 cells/mm 3 , and were naive to 3TC and protease inhibitors. A washout period of baseline antiretroviral therapy was performed before initiation of HAART, which consisted of ritonavir alone for 10 d, followed by the addition of AZT and 3TC. All three drugs were continued for 48 wk. In these HIV-infected patients, tonsillar biopsies and peripheral blood samples were obtained before, and at 1, 2, 12, and 48 wk after the initiation of HAART. Plasma HIV RNA viral load was measured at those timepoints using the Amplicor system (Roche Diagnostics, Nutley, NJ). Fas susceptibility was studied in a separate cohort of patients antiretroviral naive or failing monotherapy who were commencing HAART with two nucleoside analogues and one protease inhibitor. To further address the molecular mechanism(s) causing HIV-mediated apoptosis in lymphoid tissue, we studied lymphoid tissue from an additional patient who failed therapy (viral load of 5,500 copies/ml) after an initial virological response (undetectable virus) to the administration of HAART (d4T, 3TC, and Saquinavir) for one year.
Analysis of apoptosis in frozen tonsillar specimens. Fresh frozen tonsillar tissue from HIV-infected patients was maintained at Ϫ 70 Њ C until subsequent use. Frozen sections from tonsillar tissue obtained from non-HIV-infected patients, who underwent routine tonsillectomy, were used as control tissues. Frozen tissues were then cut into 5-m sections, stained for apoptosis using the terminal deoxynucleotide UTP transferase (TUNEL) method, and counterstained with propidium iodide using Apotag direct (Oncor, Gaithersburg, MD) according to the manufacturer's directions. In these experiments, controls for the tissue slides were performed according to the manufacturer's instructions (Oncor). Negative controls consisted of tissue slides that were processed by all the steps with the omission of the terminal deoxynucleotidyl enzyme step. A positive control slide was performed by an extra 10-min incubation, in which the slide was pretreated with 25 U of DNAse I (RNAse free) (Boehringer Mannheim, Indianapolis, IN). Staining proceeded as per the manufacturer's instructions.
Sections were then viewed under a fluorescence filter to detect red (nonapoptotic cells), and green (apoptotic cells) (excitation 450-490 nm, emission 520 nm long pass). Tissue slides were examined by three independent reviewers, blinded as to the source of tissues, who recorded the number of apoptotic cells in each of the random 10 fields. Data were then analyzed by the Spearman correlation test using SAS software (Cary, NC). In certain experiments (Fig. 1, B and C , and Fig. 4 ), images were obtained using a confocal microscope (Olympus Corp., Lake Success, NY).
Immunostaining for FasL in frozen tonsillar biopsies. Frozen tonsillar specimens were also analyzed using immunohistochemistry to detect FasL. Tissue sections were rehydrated in PBS and endogenous peroxidase activity blocked. Thereafter, slides were blocked for 15 min with 100 g/ml human IgG1, and then with protein block (DAKO Corp., Carpinteria, CA). NOK1 anti-FasL or mouse IgG1 isotype control (5 g/ml in 1% BSA-PBS) was then added to sections for 30 min (16) . Sequentially, biotinylated goat anti-mouse, streptavidin biotin complex, amplification reagent (20%), and streptavidin peroxidase (all from DAKO Corp.) were added for 15 min each, with PBS washes in between steps. Antigen detection was done using aminoethyl carbazole (Sigma Chemical Co., St. Louis, MO), and slides counterstained with hematoxylin (Sigma Chemical Co.).
Detection of Fas-mediated apoptosis in peripheral CD4 and CD8
T cells. PBMC from HIV-positive and -negative donors were isolated from buffy coats by density centrifugation using Ficoll Hypaque (Pharmacia LKB Biotechnology Inc., Piscataway, NJ). PBMC underwent plastic adherence for 2 h in horizontally placed 175-cm 2 tissue flasks (Costar Corp., Cambridge, MA). 10 6 of nonadherent cells (PBL) were then cultured in wells that had been precoated with 500 l of a 10-g/ml solution of either M3 agonistic anti-Fas antibody, or isotype control mouse IgG1 (Sigma Chemical Co.) for 2 h at 37 Њ C. After washing, cells were cultured for 16 h in RPMI 1640 media supplemented with 10% decomplemented FBS (GIBCO BRL, Gaithersburg, MD) plus 2 mmol/liter L -glutamine, 100 U/ml penicillin G and 100 g/ml streptomycin (Whittaker Bioproducts, Walkersville, MD), in a 5% CO 2 atmosphere at 37 Њ C. For each patient sample analyzed, in addition to the isotype control, PBL from HIV-negative donors were analyzed in parallel, stimulated with either M3 or isotype control as above. Each HIV( ϩ ) donor was matched with a defined HIV( Ϫ ) control donor and both were analyzed in parallel at each timepoint of the longitudinal study. Apoptosis was measured using a flow cytometric method previously described (17) . PBL were washed in PBS 10% Ab serum (GIBCO BRL), and resuspended in PBS 0.1% azide. Cells were then incubated for 15 min at 4 Њ C with 1 g/10 6 cells of both FITC-labeled anti-CD3 monoclonal antibody (Becton Dickinson, San Jose, CA) and phycoerythrin-conjugated anti-CD4 monoclonal antibody (Caltag, San Francisco, CA). Hoechst 33342 (2 g/ ml; Calbiochem, La Jolla, CA) was added, and cells were incubated for an additional 7 min at 4 Њ C. Cells were then washed twice in PBS and resuspended in ice-cold 0.5% paraformaldehyde in PBS. Flow cytometry was performed using a FACSTAR ® (Becton Dickinson) and analysis completed using CELL QUEST ® software (Becton Dickinson). 30,000 events were recorded and apoptosis was separately quantitated in the CD3 ϩ /CD4 ϩ and CD3 ϩ /CD4 Ϫ populations. Apoptotic cells were quantitated by gating on cells with decreased forward angle light scatter and increased Hoechst-specific fluorescence. To determine whether changes in viral load correlated with changes in T cell susceptibility to Fas-mediated killing, a Spearman correlation was performed using SAS system software.
To validate the specificity of the TUNEL assay for the detection of tissue apoptosis, we performed additional experiments in which 2 ϫ 10 6 peripheral blood lymphocytes (PBLs)/ml from healthy controls were incubated with 5 g of anti-CD3 (American Tissue Culture Company, Rockville, MD) or IgG (Sigma Chemical Co.) for 45 min at 4 Њ C. After washing, cells were transferred to 24-well plates precoated with 20 g of goat anti-mouse antibody (Biosource, Camarillo, CA) in 200 l of 0.05 M carbonate buffer per well. Cells were then harvested, fixed in paraformaldehyde, cytospins performed, and slides stained with TUNEL reagents as above.
Results

HAART decreases lymphoid tissue apoptosis, which correlates with viral load and peripheral T cells.
The specificity of the TUNEL staining was first shown by demonstrating TUNELpositive cells (yellow/green) in both tissue and cytospins of PBL that were treated with DNAse (Figs. 1, A and B ) . In addition, cultures of PBL treated with anti-CD3 cross-linking antibodies contained more TUNEL-positive cells than PBL cultures treated with IgG1 isotype antibody: 2.25 Ϯ 0.28 apoptotic cells per each 40 ϫ objective field versus 0.25 Ϯ 0.10, respectively ( P Ͻ 0.001, paired t test) (Fig. 1 C ) .
We next studied whether apoptosis was increased in lymphoid tissue from HIV-infected individuals before the initiation of HAART, as compared to that present in HIV-negative controls. The mean number of apoptotic cells present in tonsillar biopsies from three healthy HIV( Ϫ ) donors per 100 ϫ objective field was 1.60 Ϯ 0.14, whereas the mean number of apoptotic cells present in tonsillar biopsies from five HIV( ϩ ) donors per 100 ϫ objective was 11.20 Ϯ 0.44 ( P Ͻ 0.001). A representative experiment is displayed in Fig. 2 . The increased number of apoptotic cells in the samples from HIV-infected patients were concentrated in the T cell-rich paracortical areas of lymphoid tissues. Multiple attempts to define the type of cell(s) undergoing apoptosis by immunohistochemistry were unsuccessful due to the technical difficulty of performing double immunofluorescence using TUNEL and T cell immu- nophenotyping, although in a parallel study, we have shown by dual staining that apoptotic cells are not tissue macrophages (CD68 ϩ ) (18) . Importantly, initiation of HAART in these five HIV-infected individuals resulted, within 1-2 wk of therapy, in a significant decrease in the number of apoptotic cells in serial tonsillar biopsies studied ( P Ͻ 0.001, paired t test; Fig. 3 ), achieving levels of lymphoid tissue apoptosis comparable to those present in specimens from HIV-negative donors (Fig. 2) .
In parallel to tissue biopsy specimens, peripheral blood samples obtained from the same HIV-infected patients were analyzed for determination of CD4 and CD8 T cell numbers and viral load. A direct and significant relationship between decreasing lymphoid tissue apoptosis, decreasing HIV load in plasma, and increasing CD4 T cell counts was observed (Fig.  3) . In all cases, decreases in tissue apoptosis occurred coincidentally to increases in CD4 T cell counts. An inverse correlation between lymphoid tissue apoptosis and CD4 T cells was confirmed by a Spearman correlation, using data from all five patients ( r ϭ 0.706, P Ͻ 0.01). In addition, plasma viral load was observed to decrease in parallel to decreases in tissue apoptosis and increases in peripheral CD4 T cell number ( P Ͻ 0.001). Of interest, peripheral CD8 T cell numbers also increased after the initiation of HAART, resulting in a direct correlation between the degree of tissue apoptosis and levels of peripheral CD8 T cells ( r ϭ 0.466, P ϭ 0.051), although to a lesser degree than that observed between the correlation of lymphoid tissue apoptosis and peripheral CD4 T cells (Fig. 3) . These results indicate that HAART decreases lymphoid tissue apoptosis in parallel to increasing circulating numbers of peripheral blood T cells; thereby, identifying lymphoid tissue apoptosis as a direct correlative marker of peripheral CD4, and to a lesser degree, CD8 T cell levels, both as a function of viral load.
Although the preceding section summarizes experiments that demonstrate that effective antiretroviral therapy results in a rapid decrease in tissue apoptosis, we investigated the level of lymphoid tissue apoptosis present in an individual with virologic failure with HAART. The levels of lymphoid tissue apoptosis were comparable in the post-HAART-virological failure biopsy to a pre-HAART biopsy specimen from a patient before initiation of HAART (apoptotic cells per confocal field 19.1 Ϯ 5.3 versus 16.7 Ϯ 3.8, respectively; Fig. 4) . In both situations, the level of tissue apoptosis was significantly increased, when compared to that present in an uninfected individual control (16.7 Ϯ 3.8/19.1 Ϯ 5.3 apoptotic cells/field versus 1.8 Ϯ 1.9, respectively; both, P Ͻ 0.001; Fig. 4 ). This suggests that patients who fail HAART have increased levels of lymphoid tissue apoptosis while on failing antiretroviral regimens.
HAART does not alter the increased levels of FasL in lymphoid tissue from HIV-infected individuals.
To investigate the potential molecular mechanisms that could be responsible for tissue apoptosis, and hence, of T cell turnover, we focused on Fas/FasL interactions before and during HAART. Two separate requirements are needed for a mature T lymphocyte to undergo apoptosis mediated by Fas/FasL interactions. First, FasL expression needs to be present, and second, the target lymphocyte needs to have been rendered susceptible to FasLtriggered apoptosis (8) . To investigate whether either of these two situations was present in these patients, and if so, whether they were modified after HAART, we first focused on FasL expression in sequential tonsillar biopsies obtained before and during HAART from the five HIV-infected patients studied in Fig. 3 . The high level of lymphoid tissue FasL expression present in tissue from HIV-infected individuals before HAART was not altered in any of the five patients up to 48 wk of HAART, as shown in a representative patient in Fig. 5 . This is in contrast to the significant reduction in the number of apoptotic cells present in the same tissue samples from these individuals or the increase in peripheral CD4 and CD8 T cell numbers observed after initiation of HAART (Figs. 2 and 3) . We have previously documented that these FasL-positive cells are CD68ϩ/S100Ϫ, although FasL mRNA is also detectable in lymphocytes (18) . This suggests that although the enhanced level of FasL expression may participate in lymphoid tissue apoptosis and potentially in T cell depletion, it is not sufficient to explain the impressive recovery of these two parameters after viral reduction by HAART.
HAART reduces the susceptibility of peripheral T lymphocytes to Fas-mediated apoptosis in HIV-infected individuals.
Recent reports indicate that the recovery of peripheral CD4 and CD8 T cells that is observed after the initiation of HAART directly correlates with a reduction in various T cell activation markers (19) . Because the degree of T cell activation correlates with susceptibility to apoptosis (8) , and because of reports from several groups including ours, which indicate that CD4, and to a lesser degree, CD8 T cells from HIVinfected individuals, are in an enhanced state of susceptibility to Fas-mediated apoptosis (12, 17, 20) , we investigated whether HAART would result in a modification of the level of susceptibility of peripheral CD4 and CD8 T cells to Fas-dependent apoptosis.
Before initiation of antiretroviral therapy, the mean proportion of CD4 T cells that underwent Fas-mediated apoptosis was 26.3Ϯ4.1% in the HIV-infected group, as compared to 10.9Ϯ1.5% in the HIV-negative control group (P ϭ 0.005, paired t test). After the initiation of HAART, Fas-mediated apoptosis in the CD4 T cells from HIV-infected patients significantly declined (P ϭ 0.01, paired t test), achieving a similar low level of apoptosis at the last timepoint of sampling (Fig. 6) , as observed among CD4 T cells obtained from matched HIVnegative patients (HIV-infected 8.9Ϯ2.3%; HIV-negative 7.7Ϯ 1.8%. In parallel to these findings, in all six HIV-infected patients HAART induced a prompt decrease in plasma HIV viral load, which directly correlated with the decreases in Fas sensitivity (r ϭ 0.63, P ϭ 0.018, Spearman correlation). Of interest, in patient No. 6, the reduction of both plasma viral load and CD4 T cell susceptibility to Fas-mediated apoptosis was reversed after discontinuing combination HAART; or as noted in patients Nos. 1 and 2, intercurrent infectious complications occurring at weeks 8 and 3 of HAART, respectively, resulted in a transient and reversible increase in susceptibility of CD4 T cells to Fas-mediated apoptosis (Fig. 6) .
Analysis of susceptibility to Fas-mediated apoptosis was also performed on the CD8 T cell subpopulation and indicated that HAART also decreased the mean proportion of CD8 T cells that underwent Fas-mediated apoptosis (32.6Ϯ15.0% pretreatment, versus 14.0Ϯ7.3% posttreatment P ϭ 0.031), which correlated with a rebound in the levels of peripheral CD8 T cells (Fig. 6) . Altogether, these results indicate that circulating peripheral T cells are in an enhanced state of susceptibility to Fas-mediated apoptosis before initiation of HAART, which directly correlates with viral load and normalizes in response to effective suppression of HIV replication.
Discussion
This study provides novel evidence that the increased level of apoptosis observed in lymphoid tissue and a defined molecular mechanism identified to play a role in peripheral T cell homeostasis are a function of viral load. Taking advantage of the combination of potent antiretroviral agents, a dynamic correlation between lymphoid tissue apoptosis and susceptibility to Fas-mediated death with viral load and peripheral T cell numbers was established.
Whereas multiple previous studies have suggested that apoptosis participates in CD4 T cell depletion in HIV-infected individuals based on results from in vitro models, the rele- vance of the studies to the pathogenesis of HIV infection in vivo has remained inconclusive (2, 9, 10, 21-23). The demonstration that, within the same HIV-infected individual, the degree of lymphoid tissue apoptosis is significantly reduced after antiretroviral-driven decreases in HIV viral load and increases in peripheral T cells, highlights the potential relevance of this form of death as a mechanism involved in the enhanced depletion of peripheral T lymphocytes during the course of this infection. Unfortunately, due to current technical limitations, it is not possible to determine exactly the identity of those cells that are undergoing apoptosis, despite their location in the T cell-rich area of lymphoid tissue. However, in a study by Muro-Cacho et al., in which cell extracts were isolated from lymph nodes from HIV-infected individuals and analyzed in cell suspensions, it was demonstrated that a significant degree of cell apoptosis was present within both CD4 and CD8 T lymphocytes fractions (24). If such results are applied to our observations, it implies that at least both types of T cell phenotype are undergoing apoptosis in lymphoid tissues due to HIVrelated stimuli, and thus, reduction in viral load results in a decrease in tissue lymphocyte apoptosis.
The fact that not only CD4 but also CD8 T cell apoptosis may be present in lymphoid tissue in vivo (24), or ex vivo after PBL activation with mitogens (9, 10, (25) (26) (27) (28) , has led to the rejection of apoptosis as a putative mechanism involved in CD4 T cell depletion in HIV infection. Alternatively, in vivo, or ex vivo CD8 T cell death in the context of HIV infection has been regarded by those investigators that support a role of apoptosis in causing HIV pathogenesis as nonspecific. The results of our study may conciliate both arguments, as it indicates that a prompt reduction of HIV replication directly correlates not only with a decrease of tissue apoptosis, but also with an increase in both CD4 and CD8 T lymphocytes in peripheral blood. This reflects that HIV-related mechanisms (viral proteins, cytokines, chemokines) may be targeting not only CD4, but also, albeit to a different degree, CD8 T cells, thus leading to a chronic state of peripheral T cell activation that ultimately marks the lymphocyte to undergo apoptosis. Although the efforts at understanding the pathogenesis of HIV infection have focused on CD4 T cell depletion, it is now clearly demonstrated that CD8 T cells are also eliminated, especially during the latter course of HIV infection (29) . Therefore, the virus-induced hyperactivation of these two lymphocyte populations could explain their elimination by defined molecular mechanisms that mediate lymphocyte death. Enhanced T cell apoptosis, together with other HIV-related mechanisms such as impaired T cell homeostasis, premature lymphocyte senescence, thymic dysregulation, lymphocyte trapping in infected lymph nodes, direct HIV cytopathicity, or immune elimination of infected lymphocytes (29) (30) (31) (32) (33) (34) (35) , could in combination contribute to T cell depletion during different stages of HIV infection. Based on our data indicating a prompt decrease in tissue apoptosis contemporary with the initiation of HAART, enhanced apoptosis of abnormally activated T lymphocytes is a potential cause contributing to T cell depletion. This would explain how HAART exerts a beneficial effect on T cell homeostasis by reducing apoptosis (36) . The consequences of the additional mechanisms mentioned above, such as premature senescence of T lymphocytes or thymic dysregulation, may require additional time beyond the first few weeks after HAART initiation for CD4, and, potentially, for CD8 T cells to reach physiological levels.
This longitudinal clinical study has also provided an in vivo example of how the dynamics of defined molecular mechanisms controlling susceptibility of T cells to apoptosis are dependent on the level of HIV replication. Although the reduction of the susceptibility to Fas-dependent apoptosis of CD4 and CD8 T cells after reduction in viral load was not unexpected, the fact that the already enhanced levels of FasL expression in lymphoid tissue from HIV-infected patients was not modified by prolonged HAART was surprising. We postulate, based on in vitro data (17, 18) , that modifying one of the two parameters that control Fas/FasL-mediated lymphocyte apoptosis is sufficient to decrease an enhanced level of lymphocyte death. As was the case in this study, reducing the susceptibility of T cells to Fas-mediated apoptosis was sufficient. Nevertheless, the high and persistent level of FasL expression in macrophages within lymphoid tissue of these individuals is intriguing and warrants further study. Previous data has demonstrated that a minority of lymph node macrophages are infected with HIV (37) (38) , thereby suggesting that direct HIV infection of these cells is not directly responsible for the enhanced FasL expression in the majority of macrophages in lymphoid tissue from HIV-infected individuals. More likely, FasL expression may depend on indirect HIV-related mechanisms such as soluble HIV proteins, cytokines, or chemokines. The fact that detectable HIV proviral DNA and RNA is still found in lymph nodes after at least six mo of HAART, the observation of a rapid reappearance of HIV RNA after cessation of successful suppression of HIV by antiretrovirals, and the recovery of replication competent virus despite prolonged suppression of plasma viremia (39) (40) (41) (42) , suggests that a low grade of HIV replication in cell reservoirs may suffice to maintain FasL expression in the micro environment of lymphoid tissue. The importance of macrophage-associated FasL and its upregulation, presumably by HIV-dependent mechanisms, in mediating the death of Fas-susceptible T lymphocytes, has been previously shown by our group using in vitro models (17) . In fact, in those studies, it was possible to demonstrate that macrophages induced the selective death of CD4 and not CD8 T cells from HIV-infected individuals. The selectivity of cell-cell interaction such as macrophage-CD4 T cells in vivo in lymphoid tissue could potentially explain the preferential elimination of CD4, even though both CD4 and CD8 T cells are susceptible to Fas-mediated apoptosis.
In summary, our studies suggest a model in which HIV infection results in an enhanced state of T cell activation that leads to an enhanced susceptibility to Fas-mediated apoptosis, and an increase of FasL expression in lymphoid tissue, mechanisms which suggest an enhanced deletion of activated CD4 and CD8 T cells. Results from the current report lay the foundation for future work evaluating the role of specific inhibitors of FasL regulation, Fas/FasL interaction, or Fas signal transduction, as well as understanding the molecular mechanisms whereby HIV or its related products lead to the aberrant activation of mature T lymphocytes.
